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Abstract 
  
Background 
Adolescent Idiopathic Scoliosis is the most common type of spinal deformity whose aetiology remains 
unclear.  Studies suggest that gravitational forces in the standing position play an important role in 
scoliosis progression, therefore anthropometric data are required to develop biomechanical models of 
the deformity.  Few studies have analysed the trunk by vertebral level and none have performed 
investigations of the scoliotic trunk. The aim of this study was to determine the centroid, thickness, 
volume and estimated mass, for sections of the trunk in Adolescent Idiopathic Scoliosis patients. 
 
Methods 
Existing low-dose Computed Tomography scans were used to estimate vertebral level-by-level torso 
masses for 20 female Adolescent Idiopathic Scoliosis patients.  ImageJ processing software was used to 
analyse the Computed Tomography images and enable estimation of the segmental torso mass 
corresponding to each vertebral level.  
 
Findings 
The patients’ mean age was 15.0 (SD 2.7) years with mean major Cobb Angle of 52° (SD 5.9) and mean 
patient weight of 58.2 (SD 11.6) kg. The magnitude of torso segment mass corresponding to each 
vertebral level increased by 150% from 0.6kg at T1 to 1.5kg at L5. Similarly, the segmental thickness 
corresponding to each vertebral level from T1-L5 increased inferiorly from a mean 18.5 (SD 2.2) mm at 
T1 to 32.8 (SD 3.4) mm at L5.  The mean total trunk mass, as a percentage of total body mass, was 27.8 
(SD 0.5) % which was close to values reported in previous literature. 
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Interpretation 
This study provides new anthropometric reference data on segmental (vertebral level-by-level) torso 
mass in Adolescent Idiopathic Scoliosis patients, useful for biomechanical models of scoliosis 
progression and treatment.   
 
 
Keywords 
Adolescent Idiopathic Scoliosis; Anthropometric Data; Anthropometry; Body Segment Parameters; 
Computed Tomography; Scoliosis Progression; Torso Segment Masses 
 
  
Segmental Torso Masses AIS 
Introduction     
Scoliosis is a complex three dimensional torsional deformity of the spinal column and trunk.  It 
comprises a lateral curvature in the coronal plane, an axial rotation of the vertebrae in the transverse 
plane and can also alter the lordosis and kyphosis in the sagittal plane. Adolescent Idiopathic Scoliosis 
(AIS) is the most common type of spinal deformity, affecting 2.5% of the population (Asher and Burton, 
2006) predominantly girls.  Whilst many research studies have contributed to improved understanding 
of the complex deformity, the aetiology of idiopathic scoliosis remains unclear (Burwell et al., 2011, 
Lombardi et al., 2011). 
 
The main problem associated with scoliosis is progression of the deformity and the resulting effects.  It is 
widely accepted that a relationship exists between rapid adolescent growth and curve progression in AIS 
patients, as an increase in spinal height during the adolescent growth spurt often causes the curvature 
of the spine to increase.  An adolescent’s remaining growth potential is assessed on the basis of their 
age, skeletal maturity and the appearance of secondary sex characteristics or menarche.  This is 
important because AIS patients who are premenarchal and who are not skeletally mature have a higher 
potential for growth and a greater risk of scoliosis progression (Ylikoski, 2005, Soucacos et al., 1998).  
The amount of curve progression varies for each individual patient (some progress rapidly, others not at 
all) which in turn makes accurate clinical predictions difficult.  Estimation of curve progression is 
important as severe thoracic curves above 85° Cobb Angle (Cobb, 1948) can result in cardiorespiratory 
impairment and dyspnoea (Dubousset, 2011).   
Although the aetiology of AIS remains unclear, a number of studies suggest that progression of the 
deformity can be explained biomechanically, wherein the spine undergoes asymmetric loading due to 
gravity and alteration of vertebral growth (“growth modulation”) in a “vicious cycle” (Villemure et al., 
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2002, Stokes, 2008, Stokes et al., 2006).  This theory is based on the Hueter-Volkmann principle wherein 
asymmetric loading of the growth plates inhibits growth on the concave side of the curve relative to the 
growth rate on the convex side, thus leading to vertebral body wedging during growth.  Extensive 
research by Stokes (Stokes et al., 1996, Stokes, 2007, Stokes, 2008) has studied this theory using in vivo 
animal models and biomechanical modelling. Similarly, Villemure et al (Villemure et al., 2004) developed 
a biomechanical model to simulate spinal deformity progression during adolescent growth on an 
asymptomatic spine.  Five pathogenesis hypotheses were tested over a period of twenty-four months 
and spinal asymmetrical loading based on gravity (bodyweight) forces was applied to the model in the 
standing position. They estimated growth sensitivity to gravitational load and found their results 
supported the “vicious cycle” hypothesis. In addition, Adam et al (Adam et al., 2008) measured 
intravertebral rotations (using Aaro’s technique (Aaro and Dahlborn, 1981)) for a group of 8 idiopathic 
scoliosis patients and suggested that gravity-induced torques could cause vertebral rotatory 
deformation during adolescent growth.   These studies all point to gravitational loading as an important 
aspect of scoliosis progression. 
Three-dimensional (3D) computational models are being developed to further understand scoliosis 
progression and predict outcomes of surgical treatment (Perie et al., 2004, Aubin et al., 2003, Little et 
al., 2013).  However, when simulating the response of the spine to gravitational (body weight) forces, 
such models require anthropometric data for the weight of the trunk, head and neck and upper limbs.  
To date, researchers estimating gravitational loads on the spine have relied on non-AIS anthropometric 
sources such as Winter (Winter, 2009) and Erdmann (Erdmann, 1997) to acquire geometric and inertial 
data (Adam et al., 2008, Duke et al., 2005, Little and Adam, 2012). Accurate vertebral level-by-level body 
segment masses of the scoliotic trunk of any age are currently not available in existing literature.  
Therefore, the primary purpose of the current study was to use an existing set of low dose pre-operative 
Computed Tomography (CT) scans to estimate vertebral level-by-level body segment masses in the 
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thoracolumbar spine for a group of Adolescent Idiopathic Scoliosis (AIS) patients and to also determine 
the centroid, volume and thickness of each segment. 
 
Methods 
Existing low-dose CT data was used for a group of 20 female AIS patients (all with right-sided thoracic 
curves). At the time of scanning, a single low-dose CT scan was part of the pre-operative clinical 
assessment for patients undergoing a thoracoscopic anterior spinal fusion to assist with safer screw 
sizing and positioning (Kamimura et al., 2002).  
 
Three different CT scanners were used over the six year period of the study; (i) a 64 slice GE Lightspeed 
Plus (GE Healthcare, Chalfont St. Giles, UK) (ii) a 64-slice Philips Brilliance (Philips Healthcare, Andover, 
USA) and (iii) a 64 slice GE Lightspeed VCT (GE Healthcare, Chalfont St. Giles, UK).  The scan coverage in 
each case was from C7 to S1. Dose reports were commissioned for all three scanners, and the highest 
estimated radiation dose of 3.0 mSv occurred with the oldest scanner (GE Lightspeed Plus), with 
uncertainties due to the dose model in the order of ±20% (Schick, 2004).  By comparison, the combined 
dose for a postero-anterior (PA) and lateral standing radiograph is in the order of 1.0 mSv, and the 
annual background radiation in Queensland, Australia is approximately 2.0 - 2.4 mSv (Pace et al., 2013, 
Schick, 2004).  Estimated doses for the newer 64 slice scanners were substantially lower (in the order of 
2 mSv). Subjects were in a supine position with the upper limbs positioned over the head during CT 
scanning. 
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The CT scan in plane resolution and slice thickness/spacing varied slightly over the course of the study. 
All scans were 16 bit images with 512 x 512 pixels. Pixel spacing in the (axial) plane varied between 1.7-
1.8 pixels/mm with a slice thickness between 2.0-3.0mm and slice spacing between 1.0-1.25mm.  The 
re-sliced coronal images derive their resolution from the original CT dataset, therefore the pixel spacing 
in the plane (on the re-sliced stack) varied from 1.7-1.8 pixels/mm in both the lateral (left-right) and 
anterior-posterior directions, and 0.8-1.0 pixels/mm in the longitudinal (inferior-superior) direction. 
 
The ImageJ software ((v. 1.45) National Institutes of Health, USA) was used to create re-sliced coronal 
plane images from the axial slices, reconstruct vertebral level-by-level torso segments and subsequently 
estimate the mass, thickness and centroid location of each segment.  All analyses were completed by a 
single observer.  Intra-observer variability was assessed by a blinded re-measurement of the central slice 
location and torso segment thickness. 
 
Preliminary study 
Prior to deciding on the use of a central slice for each vertebral level (the area of which was then 
multiplied by segment height to give volume), we examined the potential error which this approach may 
introduce. This was performed in a subset of ten segmental levels measured from five patients 
(including two upper thoracic levels T1/T2, five mid-thoracic T9/10 levels at which there were likely to 
be a high potential error because these commonly correspond to the bottom of the lungs, and three 
lower thoracic/upper lumbar levels). The observer separately measured and summed the areas of all CT 
slices for a particular torso segment, and then multiplied them by the slice thickness to obtain a ‘true’ 
volume for the segment. Comparing these volumes to the values obtained using the measured area of 
the central slice of the segment, we found a mean unsigned error of 1.35% between the segment 
volume using the assumed central slice approach in the paper and the ‘true’ volume measured as just 
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described, and a maximum error of 4.98%. Keeping in mind that these levels were deliberately chosen as 
potential problem areas where torso cross section may change rapidly, we conclude that the approach 
used introduces very small errors usually in the order of 1%, and no greater than 5%.  
 
Estimating Torso Segment Masses 
Torso segments corresponding to each of the vertebral levels from T1 to L5 were identified as follows. 
Each vertebral level torso segment comprised a number of axial CT slices, where the number for each 
torso segment depended on the slice thickness and the height of the vertebra (e.g. T1 = 8 slices, L2 = 12 
slices).  A single axial slice through the centre of each vertebra was selected to determine the axial plane 
location of the torso segment centroid for that vertebral level. The axial stack was re-sliced to generate 
a series of slices in the coronal plane.  The ‘z-project’ function in ImageJ (standard deviation projection 
type) was then used to create a pseudo-radiograph, as shown in Figure 2. Using this function allowed 
the whole thoracolumbar spine to be viewed on a single image, whereas if a particular coronal slice had 
been chosen only part of the spine would have been visible. The z-project function can be applied on 
selected slices within the stack so only the region of stack thickness of interest is displayed.  In the case 
of this study, we selected start and stop slices within the stack for the z-projection corresponding to the 
anterior and posterior edges of the vertebral body in order to project a clear single image of the 
thoracolumbar spine (without the ribs).The centre of each vertebra in the coronal plane was then found 
by drawing diagonal lines from the top left and right-hand corners of the superior vertebral endplate to 
the inferior vertebral endplate, using the ‘Segmented Line’ tool. The ‘Point’ tool was then used to mark 
the co-ordinates of the centre of the vertebral body where the lines intersect. ImageJ’s default 
thresholding method based on the IsoData algorithm described by Ridler and Calvard (Ridler and 
Calvard, 1978) was then used on the axial slice through the centre of each vertebral body to distinguish 
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the external and lung airspaces from the trunk tissues (Figure 1).  Note that the white material shown 
within the lungs was not included in the area or volume measurements due to the low density of lung 
tissue.  
 
The centroid co-ordinates of this thresholded ‘slice’ (Xc, Yc) in the axial plane were then found assuming 
a constant density for the tissues and using the First Moment of Area equation (Equation 1a and 1b).  
 
𝑋𝑐 =
 (𝐴3𝑋3)−(𝐴1𝑋1)−(𝐴2𝑋2)
𝐴4
    (Equation 1a) 
 
Yc = 
 (𝐴3𝑌3)−(𝐴1𝑌1)−(𝐴2𝑌2)
𝐴4
  (Equation 1b) 
Note:  𝐴4 = 𝐴3 − 𝐴1 − 𝐴2 
 
Where A3 is the total area of the axial slice enclosed by the skin boundary, A1 is the area of the right 
lung and A2 is area of the left lung (Figure 1).  The centroid co-ordinates of the whole slice are defined as 
(X3, Y3) with the centroid location of the right and left lungs denoted as (X1, Y1) and (X2, Y2) 
respectively. 
 
The next step was to create re-sliced coronal plane images from the axial slices to calculate the thickness 
of each torso segment.  This was done by taking the vertebral height from the superior vertebral 
endplate of each vertebra to the superior endplate of the vertebral level below including the 
intervertebral disc.  For example, the thickness of the T7 torso segment was the height of the T7 
vertebral body plus the T7/T8 intervertebral disc as measured on the coronal reconstruction. The 
distance between these two points was measured using the ‘Segmented Line’ measuring tool as shown 
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in Figure 2.  Note that the height was not measured in the plane of deformity as this would have caused 
adjacent slices to overlap.  The volume, V, was then calculated by multiplying the area of the central 
slice (A4) in the axial plane by the thickness (h) of the vertebral body segment corresponding to the 
vertebra in question (Equation 2). 
 
𝑉 = 𝐴4 ×  ℎ  (Equation 2) 
 
A single density, 𝜌, of 1.04 g/cc was used to estimate the torso segment masses, 𝑀, corresponding to 
each vertebral level, (Equation 3). This density value was based on Pearsall et al who reported a range of 
1.0 – 1.04 g/cc for the lumbar region of the trunk through an in vivo CT study by assuming a quartic 
relationship between CT greyscale values and tissue density. The lumbar region was deliberately chosen 
to provide a representative value for trunk tissue excluding lungs. This was necessary as the 
thresholding IsoData algorithm mentioned previously, defines lung and trachea airspace as part of the 
background (i.e. not included in the tissue area).   
𝑀 = 𝜌 × 𝑉  (Equation 3) 
Weight vectors can be used to represent the torso segment masses. These were plotted at the centroid 
co-ordinate positions on the patients’ antero-posterior (AP) view image (reconstructed from the CT 
stack using Z-project in ImageJ).   
The segment mass was also expressed as a percentage of body mass, %BM, (Equation 4) where M is the 
mass of the torso segment and W is the patient mass. 
 
%𝐵𝑀 = (𝑀 ÷  𝑊) × 100 (Equation 4) 
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Finally, each of the torso segment masses for the T1-L5 levels were added together to obtain an overall 
trunk mass and its percentage of the whole body mass.  This was then compared to the existing 
literature.   
 
As stated previously, the observer was required to choose a single axial slice through the centre of each 
vertebra to determine the torso segment centroid of a specific vertebral level.  In addition, the observer 
was also required to manually select vertebral heights (on the re-sliced coronal image) to allow the torso 
segment thickness to be found.  In order to assess the intra-observer variability for these measures, the 
observer performed repeated blinded re-measurements on a subset of 10 patients (50% of the group) 
six months later. Note that the default thresholding method applied in this study is based on a 
consistently applied algorithm so did not introduce observer variability.  
 
Results  
The patient demographics for each of the 20 AIS patients can be seen in Table 1. The mean age of the 
group was 15.0 (SD 2.7) years (range 11.9 – 22.3). All curves were right-sided major thoracic Lenke Type 
1 with 11 patients further classified as lumbar spine modifier A, 4 as lumbar modifier B and 5 as lumbar 
modifier C. The mean thoracic Angle was 52 (SD 5.9)° (range 42-63°).   
 
The masses of each vertebral level-by-level torso segment for the study group are shown in Figure 3, 
where the circles represent outliers (those data points between 1.5-3.0 times the interquartile range 
outside the first and third quartiles respectively) and the asterisks represent extreme outliers (more than 
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3.0 times the interquartile range outside the first/third quartiles respectively).  The numbers located 
above the outliers correspond to a specific patient e.g. at the T1 level there is one outlier for patient 1 
below the lower quartile and two outliers for patients 4 and 13 above the upper quartile.  These 
patients had torso segment masses much lower or higher than the other patients in the group and were 
at the lighter or heavier end of the scale. For example; the mean patient weight was 58.2 (SD 11.6) kg. 
Patient 1 weighed 41.0kg which is 17.2kg (30%) less than the mean value of the group.  Conversely, 
patient 4 and patient 13 weighed 70.8kg and 84.7kg respectively which is 12.6kg and 26.5kg (22 and 
46%) more than the mean value for the patient group. Overall, the magnitude of the torso masses from 
T1-L5 increased inferiorly, with a 150% increase in mean segmental torso mass from 0.6 kg at T1 to 1.5 
kg at L5.  Figure 4 reports and compares the segment mass (expressed as a percentage of body mass) 
with previous non-AIS studies by Pearsall et al (N=2 females, mean age 61 years) and Duval-Beaupère 
and Robain (N=4 mean age 32 years (Pearsall et al., 1996, Duval-Beaupère and Robain, 1987). The graph 
in Figure 4 shows that on average, the mass (as a percentage of body mass) increases inferiorly from 
1.1% at T1 to 2.6% at L5 for both the current study and the study by Pearsall et al. Data for the T2 and T3 
vertebral levels of Duval-Beaupere has been deliberately omitted from the graph to facilitate 
comparison with the current study. The mean proportion of total body weight accounted for by the 
trunk was 27.8 (SD 0.5) % which was close to the value of 30.9 (SD 0.6) % reported by Pearsall et al.  
Overall trunk mass is not reported for Duval-Beaupère due to the addition of the arm mass at T2 and T3.  
The mean position of the torso segment centroids in the axial plane can be seen in Table 2 along with 
the measured volume, area and thickness for each torso segment. Figure 5 shows the torso mass vectors 
(plotted at the centroid locations) of four representative patients in this study.  The position of the torso 
mass vectors varies for each patient depending on the severity of their scoliotic deformity. 
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Intra-observer variability 
As stated in the Methods, all analyses were performed by a single observer so only intra-observer 
variability is reported in this study. The mean unsigned intra-observer difference in slice position (i.e. 
when the observer chose a single slice through the center of the vertebral body in the coronal plane) 
was 0.86 (SD 0.79), which represents a slice selection variability of less than one slice. The mean signed 
intra-observer difference for torso segment thickness (when the observer measured vertebral heights in 
the coronal plane) was -0.37 (SD 1.45) mm.  Mean absolute (unsigned) intra-observer difference was 
1.10 (SD 1.01) mm and the 95% confidence interval (CI) (1.96 x SD) was 1.99mm.  These intra-observer 
differences resulted in a 95% confidence interval for torso segment weight of 1.00N. This value 
represents approximately 1/6th of the weight of an upper thoracic segment and 1/15th of the weight of a 
lower lumbar segment respectively. 
 
Discussion  
Accurate and detailed segmental parameters of the scoliotic trunk are necessary for developing 3D 
biomechanical models to simulate the response of the spine to gravitational (body weight) forces.  Few 
studies have analysed the trunk by vertebral level and none have estimated torso segmental masses by 
vertebral level for individuals with scoliosis. Hence, the aim of this study was to report detailed 
segmental trunk parameters for patients with adolescent idiopathic scoliosis. 
 
As mentioned in the Methods, the potential error involved in the use of a single central slice to 
determine segmental cross-sectional area was examined by measuring the area of every segmental slice 
for a subset of the patient group. This preliminary investigation confirmed that errors due to cross-
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sectional changes within a particular vertebral level were generally small; however it also demonstrated 
that in the mid-thoracic region at the bottom of the lungs, torso cross-section can change quite rapidly 
due to the disappearance of the lung airspace adjacent to this region of the spine.  Figure 6 
demonstrates the torso cross-section change that occurs from the top slice of the segment to the 
bottom slice of the segment, as well as the resulting centroid shift.  
 
In general, the torso masses and volume of each vertebral segment increased inferiorly, with more 
consistency between patients in the upper-mid thoracic region compared to the lower thoracic-lumbar 
segments.  As a percentage of total body mass, the values from this study were in keeping with that 
reported by Pearsall et al for non-AIS patients, Table 2 (Pearsall et al., 1996).  This table may indicate 
that in the scoliotic spine, the segment masses are slightly lighter compared to a healthy spine but the 
torso weight as a percentage of body mass is similar. However, these differences must be treated with 
caution due to the demographic differences between the current study and those reported for a non-AIS 
study group by Pearsall et al (1996).  The study by Pearsall et al., used CT imaging from two male and 
two females (mean age 61 years and mean mass 70.8 (SD 6.7) kg, to determine mass, volume, density 
and percentage of body mass corresponding to each vertebral level (Pearsall et al., 1996). The lighter 
segment masses in the current study may be attributed to a lower mean mass of 57.5 (SD 11.5) kg in our 
patient group.  Other studies involving detailed analyses of segmental properties at each vertebral level 
for the healthy trunk are limited.  Duval-Beaupère and Robain used a Gamma-ray scanner along with 
lateral x-rays to study 10 male and 4 females (mean ages  27.5 (SD 3.3) years and 32.2 (SD 13.8) years, 
mean mass 70.5 (SD 5.1) kg and 53.0 (SD 2.9) kg respectively), to determine the mass at each vertebral 
level.  The four (non-AIS) female subjects in their study were closer to our cohort in age and body weight 
than the two female subjects in Pearsall et al (1996), but the segmental masses reported by Duval-
Beaupère and Robain (1987) are larger than those of the current study; and are also more variable from 
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level to level, particularly at the L5 level where the mass reported for the female group is double that of 
the male cohort (2.2kg compared to 1.1kg).  The reasons for the peaks in segmental mass at T5, T12 and 
L5 in the data of Duval-Beaupère (refer to Figure 4) are not clear.   
 
The overall trunk mass percentage (as a proportion of total body mass) for the entire patient group 
ranged from 23.9 to 33.7  %. Other anthropometric data sources such as the cadaveric study by Winter 
and the CT analysis by Erdmann, reported larger overall trunk percentages of 35.5 and 37 % respectively 
(Winter, 2009, Erdmann, 1997).  However, both these studies, were carried out on a small sample of 
adult males with healthy spines (N=8 and N=15 males respectively).  In addition, the trunk segmentation 
in these studies defined the mass of anatomical region (i.e. thorax, abdomen) as opposed to the finer 
structural division at each vertebral level used in the current study. 
 
One potential limitation of the current study is that these measurements were based on CT scans 
performed in the supine position. Performing the scans with the patient in the supine position alters the 
geometry of the spine relative to the standing posture. Since the relationship of body segment 
measurements taken from supine CT scans to the torso configuration in the standing position is not 
currently known, the torso segment vector locations may be altered in the standing position. In terms of 
the effect of supine versus standing positions on the spinal curvature itself, it is known that curve 
magnitudes are smaller when supine due to changes in gravitational loading direction.  Prior studies 
have reported a linear relationship between supine and standing thoracic Cobb Angle measures with an 
average increase from supine to standing of 7-10° in the coronal plane (Adam et al., 2010, Torell, 1985, 
Lee et al., 2013) and 5.3° in the sagittal plane (Izatt et al., 2012). However, supine measurements are 
important in biomechanical modelling of scoliosis, since the supine position provides an approximate 
‘zero load’ configuration for the spine which can be used as a starting point for biomechanical 
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simulations. These previous studies of supine versus standing curvature will be useful in planned future 
analyses to examine the difference in joint moments between supine and standing positions due to 
shifts in torso gravitational forces acting about the scoliotic spine.  
 
Whilst we note that the tissue densities in the trunk change depending on the tissue type in question 
(fat, bone muscle etc), an assumed single density value of 1.04g/cc was used on the basis of Pearsall 
who reported density values of 1.0 - 1.04g/cc. The high end of this scale was chosen as Pearsall states 
that the leaner subjects in the study had the highest density values (Pearsall et al., 1996).  This is 
relevant to the current study as AIS patients are commonly known for having a lean stature.  As 
previously mentioned in the Methods section, the density in the lumbar region was deliberately chosen 
to provide a representative value for trunk tissue excluding lungs. This approach was necessary because 
the automatic thresholding algorithm used in the present study defines lung and trachea airspace as 
part of the background (i.e. not included in the tissue area). Using the assumed density of 1.04g/cc and 
our automatic segmentation method, it is possible to make comparisons with the apparent trunk region 
densities in the abovementioned study (i.e. including lungs) by calculating the external area of the entire 
torso segment (A3 in Figure 1b), multiplying by the segment height to give volume, and then dividing by 
the estimated mass. In this manner, the apparent thorax (T1-T12) density for a subset of ten patients in 
our study is 0.83 (SD 0.05) g/cc which is in close agreement with the upper trunk (T1-T12) density of 
Pearsall (0.82g/cc). Of course if future studies yield updated tissue density values, then the volumes 
measured in this study could be used in to provide new estimates of body segment mass for the human 
trunk. 
 
Due to the low density of lung tissue, the white material shown within the lungs was not included in the 
area or volume measurements in Table 2, or in the mass estimates in Figure 3. In order to assess the 
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potential error associated with this assumption, a subset of patients were analysed to investigate the 
likely percentage change in the estimated segmental mass values if the thresholded tissue within the 
lung space is included. This pilot study found that when multiplying the area of segmented tissue in the 
lungs by the segment thickness and by a lung density value of 0.25g/cc given in Pearsall et al, the mean 
percentage mass added to a body segment by inclusion of the lung tissue was 0.29 (SD=0.2, range 0.01 – 
1.84) % which is negligible (Pearsall et al., 1996). 
 
Conclusions 
This study provides new anthropometric reference data on vertebral level-by-level torso area and 
volume which can be used to estimate torso segment masses in AIS patients and can be used for 
biomechanical models of scoliosis progression and treatment.   
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Table 1 – Patient demographics for the group of 20 idiopathic scoliosis females including Risser score, 
Major Cobb angle and Lenke classification measured from standing radiographs.   
 
 
Patient ID Age 
(Yrs) 
Patient 
Mass 
(kg) 
Height 
(cm) 
Risser Major 
Cobb 
Angle (°) 
Lenke 
class 
1 12.3 41.0 157 0 54 1A 
2 15.2 58.9 173 5 45 1C 
3 16.2 63.0 165 5 42 1C 
4 22.3 70.8 175 5 48 1C 
5 14.5 59.6 167 5 45 1A 
6 14.0 49.0 164 0 62 1A 
7 13.0 47.0 160 0 63 1A 
8 14.7 45.5 156 5 47 1A 
9 14.8 64.0 165 5 48 1B 
10 16.6 46.3 163 5 49 1A 
11 15.4 59.6 161 5 44 1A 
12 13.8 55.4 171 4 54 1C 
13 14.8 84.7 161 4 57 1B 
14 13.7 83.0 163 4 58 1C 
15 19.2 52.5 168 5 58 1A 
16 14.7 58.0 160 4 55 1B 
17 16.7 54.0 167 3 50 1A 
18 16.5 54.6 164 4 50 1A 
19 11.9 54.7 146 0 52 1B 
20 15.1 48.7 170 0 50 1A 
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Table 2 – Measured torso segment thickness, area, volume and centroid location of vertebral level-by-
level torso segments. The x- and y- centroid co-ordinates were referenced to that of T1, where x is +ve 
to left and y is +ve posterior. 
 
Level 
Segment 
Thickness 
(SD) 
mm 
Area  
(SD)  
mm2  
Volume  
(SD) 
mm3 
x-centroid 
(SD) 
mm 
y-centroid 
(SD) 
mm 
T1 18.5 (2.2)  3.3×104 (8.7×103) 6.2×105 (1.9×105) 0.0 (0.0) 0.0 (0.0) 
T2 19.4 (1.9) 3.4×104  (7.2×103) 6.5×105 (1.4×105) 1.7 (8.0) -2.5 (2.0) 
T3 19.3 (1.3) 3.3×104  (7.4×103) 6.5×10
5 (1.6×105) 1.8 (9.3) -8.6 (11.0) 
T4 18.7 (1.4) 3.3×104  (7.4×103) 6.1×105 (1.5×105) 2.1 (9.4) -12.6 (11.1) 
T5 19.2 (1.5) 3.3×104  (7.2×103) 6.3×105 (1.5×105) 
2.9 (8.9) -17.5 (11.6) 
T6 19.7 (1.7) 3.3×104  (7.2×103) 6.6×105 (1.4×105) 4.0 (8.8) -22.3 (11.7) 
T7 21.0 (1.7) 3.4×104  (7.1×103) 7.0×105 (1.5×105) 5.1 (8.8) -25.5 (13.1) 
T8 22.3 (1.6) 3.4×104  (8.2×103) 7.5×105 (1.7×105) 5.4 (9.2) -27.8 (14.5) 
T9 23.0 (1.5) 3.4×104  (1.1×104) 7.7×105 (2.4×105) 5.1 (9.9) -28.5 (15.0) 
T10 23.9 (1.7) 3.6×104  (1.2×104) 8.5×105 (2.8×105) -0.1 (8.9) -28.7 (15.1) 
T11 25.0 (2.0) 4.0×104  (1.0×104) 9.9×105 (2.5×105) -0.2 (7.0) -28.2 (14.4) 
T12 27.6 (2.4) 4.1×104  (8.0×103) 1.1×106 (2.4×105) 0.1 (6.4) -28.9 (15.5) 
L1 30.0 (2.7) 4.0×104  (8.1×103) 1.2×106 (2.5×105) 1.9 (6.7) -32.6 (18.9) 
L2 31.5 (2.3) 3.9×104  (8.5×103) 1.2×106 (2.7×105) 4.5 (7.1) -30.1 (15.6) 
L3 32.6 (3.0) 3.8×104  (9.1×103) 1.2×106 (2.6×105) 6.6 (7.9) -27.1 (15.4) 
L4 32.7 (2.6) 3.9×104  (9.7×103) 1.3×106 (3.2×105) 6.9 (9.1) -24.1 (15.2) 
L5 32.8 (3.4) 4.2×104  (9.6×103) 1.4×106 (3.6×105) 5.6 (9.6) -20.9 (15.3) 
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Figures 
 
Figure 1 – (a) A typical CT axial slice through the T7 vertebra showing x and y coordinate axes relative to 
the centroid of T1, where, A = anterior, P = posterior, L = left, R = right. (b) A thresholded axial slice 
through the torso at the same level – where A3 is the area of the total slice. (c) Thresholded axial slice at 
the same level -  where, A4 is the area of the torso, A3, minus that of the lungs A1 (right lung) and A2 
(left lung). Xc, Yc denotes the centroid of the cross-section.  
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Figure 2 – Torso segment thickness calculated using vertebral heights (h) on coronal re-sliced image, 
where the vertebral height (distance between orange dashed lines) was taken from the midpoint of the 
superior vertebral endplate of each vertebra to the midpoint of the superior vertebral endplate of the 
level below including the IV disc (right).  The distance between these two points was measured using the 
ImageJ ‘Segmented Line’ measuring tool. 
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Figure 3 - Box plot showing the variability in torso segment masses at each vertebral level for the group 
of 20 adolescent idiopathic scoliosis patients. The circles represent outliers (those data points between 
1.5-3.0 times the interquartile range outside the first and third quartiles respectively) and the asterisks 
represent extreme outliers (more than 3.0 times the interquartile range outside the first/third quartiles 
respectively).  The numbers located above the outliers correspond to a specific patient in the series.  
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Figure 4 – Mean vertebral masses (expressed as a percentage of body mass) for non AIS studies by 
Pearsall et al (1996) and Duval-Beaupère & Robain (1987) to current AIS study results.  Where N equals 
patient cohort and the error bars represent the standard deviation for the current study. Note that 
segment mass data for Pearsall et al was only available for the entire cohort (males plus females 
combined). 
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Figure 5 – Torso segment masses plotted as red vectors with tails located at the centroid locations. From 
left to right, graph of Patient 2, 3, 6 and 12. 
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Figure 6 – An example of the torso cross-sectional changes that occur at the bottom of the lungs, where 
the cross indicates the centroid location of the slice.   
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